This study extends the available molecular genetic tools that are now available for studies in Chlamydia to plasmid-cured Chlamydia muridarum and Chlamydia trachomatis serovar A isolates, and establishes some intriguing differences in plasmid-dependent regulation of chromosomal genes among Chlamydia species. 
Chlamydia trachomatis is an obligate intracellular human pathogen with a unique biphasic developmental growth cycle (Moulder, 1966) . It is the etiological agent of trachoma, the world's leading cause of preventable blindness and the most common cause of bacterial sexually transmitted disease (Schachter, 1978; Whitcher et al., 2001; Brunham & Rey-Ladino, 2005) . Chlamydia trachomatis infection tropism is largely restricted to humans and nonhuman primates (NHP); a characteristic that has hampered progress in the understanding of C. trachomatis pathogenesis, immunity, and vaccine development. Chlamydia muridarum, a mouse pathogen which shows high conservation of gene order and content to C. trachomatis, is commonly used as a model of human C. trachomatis reproductive tract infection (Morrison et al., 2000; Morrison & Caldwell, 2002; Lyons et al., 2009; Farris & Morrison, 2011; Shao et al., 2012) . Chlamydia trachomatis and C. muridarum isolates carry a highly conserved 7.5-kb dsDNA plasmid that is an important virulence factor in NHP and murine infection models, respectively (O'Connell et al., 2007; Kari et al., 2011) . It has been shown for both C. trachomatis and C. muridarum that the plasmid regulates the transcription of multiple chlamydial chromosomal genes, designated plasmid-responsive chromosomal loci (PRCL) (Carlson et al., 2008; O'Connell et al., 2011) . One of the plasmid-regulated loci is glgA, encoding for the enzyme glycogen synthase. Regulation of glycogen synthase expression explains the glycogen-negative phenotype displayed by naturally occurring and laboratory-generated plasmid-deficient C. trachomatis isolates (Carlson et al., 2008) . Moreover, the C. trachomatis plasmid has been shown to regulate the expression of pgp3 (Song et al., 2013) , the plasmid gene that encodes for the secreted virulence factor Pgp3 (Li et al., 2008) . The plasmids of C. muridarum and C. trachomatis encode eight highly conserved open reading frames (ORFs) (Stephens et al., 1998; Read et al., 2000) . Using the recently described plasmid-based method for transforming C. trachomatis L2 (Wang et al., 2011) , we employed a PCR-based mutagenesis procedure to make deletion mutations in all eight L2 plasmid ORFs (Song et al., 2013) . The studies showed that Pgp4 was a transcriptional regulator of both plasmid-encoded pgp3 and the numerous PRCLs (Gong et al., 2013; Song et al., 2013) .
A significant limitation to using C. trachomatis L2 for genetic studies is that there is no relevant animal model mimicking human disease for the LGV serovars. The purpose of this study was to develop a transformation system for C. muridarum and the non-LGV C. trachomatis trachoma isolate (strain A2497) which would then allow us to generate specific plasmid ORF deletion mutants that could be used to define the pathogenic role(s) of individual plasmid genes in relevant murine and NHP animal models, respectively.
Plasmid-deficient C. muridarum and C. trachomatis serovar A (strain A2497), designated CmPÀ and A2497PÀ, respectively, were isolated employing novobiocin curing as previously described (O'Connell & Nicks, 2006; Kari et al., 2011) . The endogenous shuttle vectors pBRCM for C. muridarum and pBRA for C. trachomatis A2497 were constructed similarly to our L2-based shuttle vector pBRCT (Song et al., 2013) with a pBR322 backbone and all eight plasmid ORFs intact (Fig. 1a) . The results from transformation experiments utilizing plasmidless chlamydial strains L2R, CmPÀ, A2497PÀ with homologous and heterologous plasmid shuttle vectors are shown in Fig. 1b . Remarkably, stable penicillin G-resistant transformants of L2R, CmPÀ, and A2497P-were only isolated if the shuttle vector employed for transformation had the chlamydial plasmid backbone from its matched parental strain.
Chlamydial plasmid-deficient organisms exhibit characteristic atypical late-inclusion morphology with a donut appearance that fails to stain or stains weakly for glycogen (Matsumoto et al., 1998; O'Connell & Nicks, 2006; Carlson et al., 2008; Wang et al., 2013b) . Consistent with these characteristics, late-infection inclusions of CmPÀ displayed donut-like morphology and showed weaker iodine staining when compared to wild-type plasmid-bearing C. muridarum (Fig. 2a) . Both normal inclusion morphology and stronger iodine staining were restored in CmPÀ following transformation with pBRCM (Cmp+).
We (Song et al., 2013) , and subsequently others (Gong et al., 2013; Wang et al., 2013a) , have shown transformed C. trachomatis organisms with a disrupted pgp4 produced the same inclusion and glycogen-staining pheno-(a) (b) Fig. 1 Construction of chlamydial plasmid shuttle vectors and homotypic plasmid transformation tropism. (a) Chlamydia muridarum pBRCM and C. trachomatis A2497 pBRA. pBRCM was constructed using primers JHC626 (5′-GGCCGGCGGCCGCCCTCAAAAGCAACTGTAGATTAT ATTAGGGCCATC-3′) and JHC627 (5′-CCGGCCCGCCGGTGAACTAAATGGATATAATTTTAATTATATCACAATATAGTTGG-3′), introducing Eag and SgrAI sites, respectively. pBRA was constructed using primers JHC740 (5′-GGCCGGCGGCCGTGTTGCCAGAAAAAACACCTTTAGGCTAT ATTAGAG-3′) and JHC741 (5′-GGCCGGGTCGACGAATATGAATATAATTTTAATTATATCACAATATTG-3′), introducing EagI and SalI sites, respectively. Amplification using Phusion High-Fidelity DNA polymerase kit (New England Biolabs) and insertion into pBR322 was conducted as previously described (Song et al., 2013) . (b) Transformation tropism of different chlamydial plasmid shuttle vectors. The results are representative of three independent experiments. Stable transformation is defined as a minimum of three successive passages of transformants grown in the presence of penicillin G. Transformation of CmPÀ was conducted as previously described (Song et al., 2013) , while transformation of A2497PÀ followed the same protocol with minor modifications. The modifications include (1) changing to media containing 10 U mL À1 penicillin G at 20 h postinfection at T 0 ;
and (2) selecting transformants in six-well plates using centrifugation-aided infection.
types as plasmid-deficient organisms. To determine whether C. muridarum Pgp4 conferred the same phenotypic characteristics to chlamydial inclusions, we constructed pBRCMΔpgp4. McCoy cells infected with CmpΔpgp4 (CmPÀ transformed with pBRCMΔpgp4) revealed inclusions identical to CmPÀ with similar donut-like inclusion morphology and weaker iodine staining (Fig. 2a) . The less intense glycogen staining by CmPÀ and CmpΔpgp4 is, however, different from our previous finding with L2R and L2RpΔpgp4, where both organisms gave rise to inclusions that were negative for glycogen staining (Song et al., 2013) .
In our previous studies, we showed that the C. trachomatis L2 plasmid is a transcriptional regulator of both plasmid (pgp3) and numerous chromosomal genes, including the gene encoding for glycogen synthase, glgA. We further showed using the L2 transformant L2RpΔpgp4 that pgp4 alone is responsible for the transcriptional regulatory function of the plasmid. To determine whether C. muridarum pgp4 possessed a similar regulatory function, the pgp4 deletion mutant (CmpΔpgp4) was characterized transcriptionally. qrt-PCR showed that cells infected with CmpΔpgp4 had significantly lower transcript levels of both glgA and pgp3 (Fig. 2b) than the parental plasmid-bearing C. muridarum. There was, however, less reduction of glgA transcript between CmPÀ/CmpΔpgp4 vs. L2R/L2RpΔpgp4 organisms (Song et al., 2013) , a finding consistent with our observation that CmPÀ and CmpΔpgp4 retained weak glycogen staining (Fig. 1b) .
The ability to transform chlamydiae (Wang et al., 2011) has allowed for genetic studies of chlamydial plasmid gene functions and initial insights into chlamydial virulence characteristics (Gong et al., 2013; Song et al., 2013) . However, only a limited number of chlamydial strains have been successfully transformed (Wang et al., 2011 (Wang et al., , 2013b Song et al., 2013) and these strains lack practical small animal or NHP models for the study of chlamydial patho- genesis. To circumvent this shortcoming, we have extended the plasmid-based transformation system to include C. muridarum and C. trachomatis serovar A strains with well-accepted mouse and NHP animal models, respectively. Our results show a strong transforming tropism associated with the plasmid. Stable transformants were obtained only when transforming plasmid shuttle vector and host were matched. In contrast, previous studies have shown that the chlamydial shuttle vector pGFP::SW2 can be used to transform L2, the naturally occurring plasmid-deficient strain L2R, and a plasmid-deficient serovar F strain (Wang et al., 2011 (Wang et al., , 2013b Gong et al., 2013) . While we are unsure of the molecular basis which allows pGFP::SW2 to be more promiscuous for chlamydial transformation, there are clear differences between this construct and our shuttle vectors. pGFP::SW2 was constructed using the backbone of the endogenous plasmid isolated from the Swedish new variant serovar E (Wang et al., 2011) . This plasmid carries a 377-bp deletion within pgp7, which covers the single target originally used by Roche and Abbott diagnostic systems (Unemo & Clarke, 2011) . In contrast, pBRA and pBRCM used in this study have intact pgp7 ORFs. In addition, the Swedish new variant endogenous plasmid, and thus also pGFP::SW2, carries a 44-bp duplication immediately upstream of both pgp8 and pgp1. At this time, we do not know if this duplication affects the expression of pgp1 and/or pgp8, which are divergently transcribed. Perhaps a transformation tropism exists between LGV and trachoma biovars but not genital and LGV biovars. In support of this hypothesis, we have not been able to isolate stable transformants of plasmid-deficient A2497 using pBRCT or transformants of plasmid-deficient L2R using pBRA. We are precluded from trying to transform plasmid-cured non-LGV genital strains in the United States as penicillin is used to treat chlamydial infections in pregnant women, thus, the experiments cannot receive NIH approval.
Phylogenetic analysis of chlamydial genomes and plasmids has implicated a co-evolutionary relationship, and the fact that the plasmid does not naturally transfer readily between clinical isolates support a host-plasmid tropism relationship (Seth-Smith et al., 2009) . Most strikingly, despite rapid and wide transmission in Sweden, the Swedish new variant plasmid has only turned up in a serovar E background (Jurstrand et al., 2010) . This suggests that despite strong diagnostic selective advantage, the transfer of the new variant plasmid to other genital serovars, which were undoubtedly circulating in the population, has occurred infrequently, if at all. Our experimental findings of plasmid tropism among chlamydial strains further support this hypothesis.
We show that similar to the C. trachomatis plasmid, the C. muridarum plasmid also transcriptionally regulates glgA and pgp3. However, C. muridarum plasmid-mediated regulation of glgA appears to be less stringent than in C. trachomatis. These subtle but perhaps important transcriptional differences between human and mouse strains were not evident for the plasmid-encoded pgp3. The potential significance of this observation is unknown, but it suggests that differences in plasmid and chromosomal transcriptional control mechanisms of glycogen biosynthesis between mouse and human strains might exist that could impact the relative attenuation phenotype of the plasmidless strains in their respective hosts.
